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Summary 
The Ets and AP-1 families of transcription factors bind 
distinct DNAelements and subserve diverse functions 
in multiple lymphoid and nonlymphoid cell types. 
Functionally important Ets and AP-1 binding sites have 
been identified in a large number of enhancer ele- 
ments, suggesting important cooperative interactions 
between these two familles of transcription factors. In 
this report, we have demonstrated a direct physical 
interaction between Ets and AP-1 proteins both in vitro 
and in activated human T cells. This interaction is me- 
diated by the binding of the basic domaln of Jun to 
the Ets domain of Ets proteins. Jun, in association with 
Ets, is capable of interacting with Fos family members 
to form a trimolecular protein complex. The physical 
association between Ets-1 and AP-1 proteins is re- 
quired for the transcriptional activity of enhancer ele- 
ments containing adjacent Ets and AP-1 binding sites. 
We conclude that direct physical interactions between 
Et8 and AP-1 transcription factors play an important 
role in regulating mammalian gene expression. 
Introduction 
The Ets family of eukaryotic transcription factors is com- 
posed of at least 10 members, which share a highly con- 
served 82 aa winged helix-turn-helix DNA binding domain 
(Donaldson et al., 1994; Liang et al., 1994a, 1994b) and 
which bind to related, but distinct, sites containing a core 
purine-rich motif, A/C GGA A/T (Ho et al., 1990; Karim et 
al., 1990; Nye et al., 1992). Ets family members can be 
divided into at least five subfamilies based upon the struc- 
tures of their DNA binding domains and the fine specifici- 
ties of their DNA binding (Macleod et al., 1992; Wang et 
al., 1992; Wasylyk et al., 1993). Ets proteins are important 
regulators of lymphoid gene expression. Ets-1 has been 
reported to regulate the expression of the T cell receptor 
(TCR) a chain gene (Ho et al., 1990). PU.l is required 
for the development of multiple hematopoietic lineages, 
including both B and T cells (Klemsz et al., 1990; Scott 
et al., 1994), and Elf-l is an important regulator of the 
GM-CSF and the interleukin-2Ra (IL-2Ra) chain genes 
(John et al., 1995; Wang et al., 1994). Members of the 
AP-1 family of transcription factors have also been shown 
to play important roles in regulating eukaryotic gene ex- 
pression (Angel and Karin, 1991; Jain et al., 1993; Mermod 
et al., 1988; Muegge et al., 1989; Serfling et al., 1989; 
Sonnenberg et al., 1989; Wang et al., 1994). Like the Ets 
proteins, the AP-1 transcription factors belong to a large 
multigene family whose members share an evolutionarily 
conserved basic-leucine zipper (bZIP) DNA binding do- 
main, which is structurally distinct from that contained in 
the Ets Proteins (Busch and Sassone, 1990; Landschulz 
et al., 1988; Sassone et al., 1988). The bZlP domain is 
composed of a leucine zipper motif that is required for 
dimerization (Ransone et al., 1989; Schuermann et al., 
1989) and a basic domain involved in the recognition and 
binding of the consensus sequence TGANTCA (Angel et 
al., 1987; Franza et al., 1988; Lee et al., 1987; Rauscher 
et al., 1988). AP-1 proteins can be divided into Jun and Fos 
subfamilies. Fos family members, which include c-Fos, 
Fra-1, Fra-2, and FosB require Jun family members for 
dimerization and subsequent DNA binding (Halazonetis 
et al., 1988; Kouzarides and Ziff, 1988; Turner and Tjian, 
1989). In contrast, Jun family members, c&m, JunB, and 
JunD can bind to DNA as both Jun-Jun homodimers and 
with high affinity as Jun-Fos heterodimers (Abate et al., 
1991; Nakabeppu et al., 1988; Turner and Tjian, 1989). 
Combinatorial interactions between distinct classes of 
sequence-specific transcription factors play an important 
role in regulating eukaryotic gene expression in response 
to diverse environmental signals (Nolan, 1994; Stein et 
al., 1993a, 1993b). The information for such combinatorial 
interactions can be encoded by the arrangement of spe- 
cific DNA binding elements in eukaryotic promoter and 
enhancer elements, or by protein motifs that promote the 
direct physical association of specific transcription factors, 
or by both. Recent studies have suggested that Ets pro- 
teins function cooperatively with AP-1 transcription factors 
to regulate the expression of a wide variety of genes (see 
Table 1 for references). AP-1 binding sites have been iden- 
tified adjacent to Ets binding sites in many of these genes 
and, in some cases, mutations of either the AP-1 site or the 
Ets site have been shown to eliminate the transcriptional 
activity mediated by these elements (Got&chalk et al., 
1993; Wang et al., 1994; Wasylyk et al., 1990). In at least 
one case, cotransfection of Ets and AP-1 expression vec- 
tors was shown to tram activate cooperatively the polyoma 
virus enhancer-derived PEA3 element that contains adja- 
cent Ets and AP-1 sites (Wasylyk et al., 1990). 
Despite this functional evidence of cooperative activity, 
it remained unclear whether Ets-AP-1 interactions were 
mediated by the geometry of the adjacent binding sites 
or by direct physical interactions between the proteins. In 
the studies described here, we have demonstrated a direct 
physical interaction between Ets and AP-1 proteins. Spe- 
cifically, we have shown that the Ets-related transcription 
factor, Elf-l, associates directly with each of the Jun family 
members in the absence of DNA. Moreover, we have dem- 
onstrated that the Elf-&fun heteromer can associate with 
each of the Fos family members to form trimolecular pro- 
tein complexes. Deletion analyses demonstrated that the 
Elf-l-Jun interaction is mediated by a direct association 
of the Ets domain of Elf-l with the basic domain of Jun. 
Importantly, we have shown the Elf-1-AP-1 interaction in 
activated normal human T cells. In addition, we have dem- 
onstrated that the Ets domains of Ets-1, PU.l, and Fli-1 
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Figure 1. Coimmunoprecipitation of AP-1 and 
Elf-l Proteins 
(A) Direct physical interaction between Elf-l 
and Jun proteins. Equivalent molar amounts Of 
%-labeled in vitro translated cJun, JunB, and 
JunD proteins were mixed with 1 pg of bacteri- 
allyexpressedT7 Elf-l oranequivalentamount 
of the T7 control protein (T7) and immunopre- 
cipitated (IP) with an a-T7 MAb. Some immune 
complexes were washed in the presence of 
ethidium bromide (EtBr). The immunoprecipi- 
tates were denatured and separated by SDS- 
PAGE prior to autoradiography. %-labeled in 
vitro translated (NT) Jun proteins were run di- 
rectly in parallel on the same gels. 
(B) Fos proteins do not associate directly with 
Elf-l. Equivalent molar amounts of each of the 
“S-labeled Fos proteins were mixed with 1 ug 
of bacterially expressed T7 Elf-l and immuno- 
precipitated with an a-T7 MAb. The immuno- 
precipitates were separated by SDSPAGE. 
(C) Jun. in association with Elf-l, can form a 
trimolecular protein complex with Fos. Equiva- 
lent molar amounts of %-labeled cJun, 
JunAlZ, or c-Fos. or a mixture of c-Jun and 
c-Fos, or c-JunAlZ and c-Fos were mixed with 
1 pg of bacterially expressed T7 Elf-l, and im- 
munoprecipitated with the a-T7MAb. The re- 
sulting immune complexes were separated by 
electrophoresis in an SDS-PAGE. Size mark- 
ers in kilodaltons are shown to the left of each 
autoradiogram. 
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also associate directly with Jun family members, sug- 
gesting that direct physical associations between Ets and 
AP-1 proteins represent an evolutionarily conserved mech- 
anism for regulating gene expression in a wide variety of 
lymphoid and nonlymphoid cell types. Finally, we have 
shown that the physical interaction between Ets-1 and 
AP-1 is required for the tfans activation of the PEA3 ele- 
ment from the polyoma virus enhancer (Wasylyk et al., 
1990). 
Results 
A Direct Physical Association between the 
Ets-Related Transcription Factor Elf-l 
and c&n, JunB, and JunD 
Previous studies have demonstrated functionally im- 
portant and adjacent binding sites for the Elf-l and AP-1 
transcription factors in the human granulocyte-macro- 
phage colony stimulating factor (GM-CSF) and IL-3 genes 
(Got&chalk et al., 1993; Leiden et al., 1992; Wang et al., 
1994). To determine whether Elf-l and AP-1 proteins can 
associate directly in vitro, full-length recombinant bacterial 
Elf-l protein containing an N-terminal epitope tag from the 
T7 major capsid protein (Lutz et al., 1990) (T7 Elf-l) was 
incubated with equivalent molar amounts of Y%abeled 
in vitro translated c-Jun, JunB, or JunD proteins, and the 
resulting mixtures were immunoprecipitated with a mono- 
clonal antibody (MAb) specific for the T7 epitope (a-T7 
MAb). Each of the Jun proteins was efficiently coimmuno- 
precipitated with Elf-l (Figure 1 A, lanes 4-6). The associa- 
tions between T7 Elf-l and each of the Jun proteins were 
specific because noneof the Jun proteinswere coimmuno- 
precipitated either with a control polypeptide containing 
the identical T7 epitope tag (Figure 1 A, lanes 7-9) or in 
the absence of bacterial recombinant protein (data not 
shown). 
To determine whether the Elf-1Jun interactions re- 
quired DNA binding sites for these proteins (which might 
have been present as DNA contaminants in the reticulo- 
cyte or bacterial lysates), the immunoprecipitation experi- 
ments were repeated in the presence of ethidium bromide 
(EtBr), which has been shown to disrupt DNA-protein in- 
teractions (Lai and Herr, 1992). The Elf-l-AP-1 interac- 
tions were not significantly affected by the presence of 
EtBr (Figure 1 A, compare lanes 1-3 and 4-6). Finally, in 
parallel experiments, neither c-Fos, Fra-1 , Fra-2, nor FosB 
coimmunoprecipitated with Elf-l in vitro (Figure 1B). 
Taken together, these experiments demonstrated that 
Elf-l can associate directly with each of the Jun family 
members in the absence of DNA. In contrast, Elf-l does 
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not associate directly with any of the Fos family members 
in vitro. 
Elf-l Can Form a Trimolecular Complex with Jun 
and For Family Members 
AP-1 proteins bind to DNA as Jun-Jun homodimers or 
Jun-Fos heterodimers (Busch and Sassone, 1990; Hala- 
zonetis et al., 1988; Kouzarides andziff, 1988; Landschulz 
et al., 1988; Sassoneet al., 1988). Dimerization oftheAP- 
proteins is mediated by hydrophobic interactions between 
the leucine zipper domains of Jun and Fos polypeptides 
(Ransone et al., 1989; Schuermann et al., 1989). As de- 
scribed above, Elf-l associates directly with Jun but not 
with Fos proteins. Thus, it was of interest to determine 
whether Elf-l could form a trimolecular complex with a 
Jun-Fos heterodimer. To explore this possibility, bacterial 
T7 Elf-l protein was mixed with %-labeled in vitro trans- 
lated cJun and c-Fos proteins and the mixture was immu- 
noprecipitated with an a-T7 MAb (Figure 1C). Both cJun 
and c-Fos were efficiently coimmunoprecipitated with Elf-l 
from mixtures containing all three proteins (Figure 1 C, lane 
5). In contrast, c-Fos was not immunoprecipitated from 
mixtures containing only Elf-i and c-Fos (compare Figure 
1 C, lane 1 with lane 5). The small amount of c-Fos protein 
immunoprecipitated from the mixture containing only T7 
Elf-l and c-Fos(in theabsence of cJun) (Figure 1 C, lane 1) 
represented a low level nonspecific immunoprecipitation, 
which was not observed in other experiments (e.g., see 
Figure 16, lane 3). In parallel experiments, radiolabeled 
Fra-1 , Fra-2, and FosB were each also coimmunoprecipi- 
tated from mixtures containing T7 Elf-l and cJun (data 
not shown). 
Several models were consistent with the finding that 
Elf-l could associate with Jun proteins alone and with both 
Jun and Fos proteins when mixed together, but not with 
Fos proteins alone. First, it was possible that the observed 
Elf-1-AP-1 interactions required a dimeric AP-1 molecule 
(either a Jun-Jun homodimer or a Jun-Fos heterodimer). 
Alternatively, the association of Jun with Elf-l might have 
exposed a binding site for Fos proteins on Elf-l. Finally, 
it was possible that Jun associated directly with Elf-l and 
then recruited Fos proteins into a trimolecular complex 
via leucine zipper-mediated heterodimerization with Jun 
proteins. To distinguish these possibilities, l7 Elf-l was 
mixed with %-labeled c-Fos in the presence of an %- 
labeled in vitro translated mutant form of cJun lacking the 
leucine zipper domain (amino acids 283-311) (cJunALZ) 
and the mixture was immunoprecipitated with the a-T7 
MAb. cJunALZ has been shown previously to lack the 
ability to dimerize with itself or with other Jun or Fos pro- 
teins (Ransone et al., 1989). Like wild-type cJun, cJunAlZ 
associates efficiently with T7 Elf-l (Figure lC, lane 3; see 
Figure 38, lane 2). However, in contrast with wild-type 
cJun, cJunALZ fails to form a trimolecular complex with 
c-Fos and Elf-l (Figure lC, lane 4). Because cJunALZ 
cannot homodimerize, these results demonstrate both 
that dimerization of cJun is not required for its association 
with Elf-l, and that the Elf-1-Jun association does not 
require the leucine zipper domain of cJun. In addition, 
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Figure 2. Elf-l Associates with AP-1 in Activated Normal Human T 
Cells 
Cell extracts from activated human peripheral blood Tcells were immu- 
noprecipitated with antibodies specific for c-Fos, Fra-1, Fra-2, FosB. 
cJun, JunB, JunD, cyclin D2 (D2), cyclin D3 (D3), pan-Fos, or Elf-l. 
lmmunoprecipitates were denatured, fractionated by 10% SDS- 
PAGE, and analyzed by protein immunoblot analysis with an a-Elf-1 
MAb. Whole T cell extracts (l cell extract) were electrophoresed in 
parallel on the same gel. Size markers in kilodaltons are shown to the 
right of the autoradiogram. 
they show that Fos proteins do not bind directly to Elf-l, 
but rather, form trimolecular complexes with Elf-l and Jun 
via a leucine zipper-mediated dimerization with Jun. 
Elf-l Associates wlth AP-1 in Activated 
Normal Human 1 Cells 
Elf-l and AP-1 function cooperatively to activate the ex- 
pression of several lymphokine genes during T cell activa- 
tion (Gottschalk et al., 1993; Wang et al., 1994). Thus, it 
was important to demonstrate a direct physical interaction 
between Elf-l and AP-1 in activated T cells. Accordingly, 
normal human T cells were activated for 8 hr with phorbal 
myristate acetate plus ionomycin and cell extracts were 
immunoprecipitated with antibodies specific for different 
AP-1 proteins. These immunoprecipitates were denatured 
and subjected to immunoblot analysis with an a-Elf-1 MAb 
(Figure 2). Elf-l was coimmunoprecipitated with c-Fos, 
Fra-1, Fra-2, FosB, cJun, JunB, and JunD, as well as by 
a pan-Fos antiserum. These coimmunoprecipitations rep 
resented specific Elf-1-AP-1 interactions because Elf-l 
failed to coimmunoprecipitate in parallel experiments us- 
ing the same cell extracts and control antibodies directed 
against the cyclin D2 and D3 proteins (Figure 2, lanes 12 
and 13). Reciprocal experiments demonstrated that AP-1 
proteins could be coimmunoprecipitated from activated 
human T cell extracts using a MAb directed against Elf-l 
(data not shown). Taken together, these experiments dem- 
onstrated a direct physical interaction between Elf-l and 
AP-1 in activated normal human T cells. 
The Basic Domain of cJun Is Required 
for the Association of c&n and Elf-i 
To map directly the site(s) on cJun that interact with Elf-l, 
I7 Elf-l was mixed with different mutant forms of %- 
labeled in vitro translated cJun, and the resultant mixtures 
were immunoprecipitated with an a-T7 MAb. Full-length 
cJun, cJunALZ (lacking the leucine zipper domain of 
cJun), and a C-terminal 113 aa polypeptide, which in- 
cludes both the basic and leucine zipper domains of cJun 
(Junnr-&, were each coimmunoprecipitated efficiently with 
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Figure 3. Elf-l Interacts with the Basic Domain 
of Jun 
(A) Schematic illustration of full-length and 
truncated Jun proteins. The positions of the 
basic domain (BD) and the leucine zipper(u) 
are shown (Ransone et at., 1969). Dotted lines 
denote in-frame deletions. Amino acids are 
shown above the schematic illustration of the 
full-length murine cJun protein. 
(B) Association of Elf-l with mutant &fun pro- 
teins. The %-labeled in vitro translated cJun 
proteins shown in (A) were mixed with 1 pg 
of T7 Elf-l, immunoprecipitated with an a-T7 
Mb, and analyzed by SDS-PAGE. %-tab&d 
in vitro translated (NT) Jun proteins were run 
directly in parallel on the same gel (right). Size 
markers in kilodaltons are shown to the left of 
the autoradiogram. 
Figure 4. CJun Interacts with the Ets Domain 
of Elf-l 
(A) Schematic illustration of full-length and 
truncated Eff-1 proteins. The positkms of the 
binding domain for the retinobtastoma protein 
(Rb) (Wang et at., 199S), the acidic transcrip 
tional activation domain (AC) (Wang et at., 
199S), the Ets domain (Ets) (Thompson et al., 
1992). and the serinelthreonine-rich domain 
(S/T) (Thcmpson el al., 1992) are shown. Amino 
acids are shown above the schematic illustra- 
tion of the full-length human Elf-1 protein. 
(B) %labeled in vitro translated &fun was in- 
cubated with 1 pg of the different bacterially 
produced TT Elf-l proteins and the resutting 
mixtures were immunoprecipitated (IP) wtth an 
a-TT MAb. The resulting immune complexes 
were analyzed by SDS-PAGE. Y%bsfed in 
vitro translated (IVT) cJun protein was run di- 
rectly in parallel on the same gel. Size markers 
in kilodattons are shown to the left of the autora- 
dfram. 
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Table 1. Cooperative Interactions Between Ets and AP-1 Transcription Factors 
Target Gene Ets Protein AP-1 Protein Reference(s) 
GMCSF 
IL-3 
Ets-1 
PYV 
Stromelysin 
Ets-2 
SR 
EIAV 
UPA - 
nur 77 
ADA 
K19 
PDGF-B 
NVL-3 
Fra-1 
VB-2 
GST Ya 
DBA 
Elf-l 
Elf-l 
lzts-I 
Ets-1 
Ets-l/Ets-2 
Ets-2 
Ets-2 
PU.1 
PEA3 
PEA3 
Ets 
Ets 
Ets 
Ets 
Ets 
Ets 
Ets 
Ets 
Ets 
JunB/c-Fos 
AP-1 
AP-1 
c-Junlc-Fos 
cJun/c-Fos 
AP-1 
JunB/cJun 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
AP-1 
Wang et al., 1994 
Got&chalk et al., 1993 
Majerus et al., 1992 
Wasylyk et al., 1990; Nothias et al., 1993; Goldberg et al., 1994 
Wasylyk et al., 1991; Buttice and Kurkinen, 1993 
Mavrothalassitis et al., 1991 
Oka et al., 1991; Wu et at., 1994; Moulton et al., 1994 
Cavallho and Derse, 1993a, 1993b 
Gutman and Wasylyk, 1990 
Nerlov et al., 1991 
Williams and Lau, 1993 
Aronow et al., 1992 
Pankov et al., 1994a, 1994b 
Khachigian et al., 1994 
Reddy et al., 1992 
Tsuchiya et al., 1993 
Messier et al., 1992 
Bergelson and Daniel, 1994 
Peterlin, 1991 
T7 Elf-l (Figure 38, lanes 2, 3, and 5). In contrast, dele- 
tion of the basic domain of cJun (amino acids 255-281) 
(cJunABD) abolished its association with Elf-l (Figure 38, 
lane 1). Consistent with this finding, an N-terminal polypep 
tide containing amino acids 1-241 of cJun (cJunI-24r) that 
lacks the basic domain also failed to associate with T7 Elf-l 
(Figure 38, lane 4). Taken together, these experiments 
demonstrated that the basic domain of cJun (amino acids 
255-281) is necessary for its interaction with Elf-l. 
The Ets Domain of Elf-l Is Sufficient to Mediate 
the Interaction with cJun 
Having established that the basic domain of cJun is re- 
quired for its interaction with Elf-l, we attempted to map 
the region(s) of Elf-l that are required for its association 
with cJun. T7-tagged deletion mutants of Elf-l (Figure 4A) 
were produced in bacteria and analyzed for their ability 
to coimmunoprecipitate with %-labeled in vitro translated 
full-length cJun (Figure4B). Full-length T7 Elf-l efficiently 
coimmunoprecipitated with cJun, as did an N-terminal 
deletion mutant of Elf-l lacking amino acids l-108 (T7 
Elf-l AN) (Figure 48, lanes 3 and 4) and a C-terminal dele- 
tion mutant lacking amino acids 304-619 (T7 Elf-l AC) 
(Figure 48, lane 2). Most importantly, a 99 aa polypeptide 
containing only the Ets domain of Elf-l and 14 flanking 
amino acids (T7 Elf-l I*=) also associated efficiently with 
cJun (Figure 48, lane 1). Thus, the Ets domain of Elf-l 
is sufficient to mediate the interaction of Elf-l with cJun. 
Of note, both the C-terminal (T7 Elf-l AC) and N-terminal 
(T7 Elf-l AN) deletion mutants of Elf-l associated with 
cJun less efficiently than either full length Elf-l, or the mu- 
tant containing only the Ets domain of Elf-l (l7 Elf-lrss-nss). 
These differences may reflect structural interactions be- 
tween the C-terminal and N-terminal regions of Elf-l and 
the Ets domain. Similar interactions between the Ets do- 
main and the C-terminal and N-terminal regions of Ets-1 
have been reported previously to alter the DNA binding 
affinity of this protein (Hagman and Grosschedl, 1992). 
The Ets Domains of Elf-l, PU.l, Ets-1, and FM-1 
Each Associate with Jun Proteins 
The 85 aa Ets domain is highly conserved between all Ets 
familymembers(Hoet al., 1990; Karim et al., 1990; Laudet 
et al., 1993; Macleod et al., 1992; Papas et al., 1989; Wasy- 
lyk et al., 1993) Moreover, as described above, functional 
studies have suggested that multiple Ets proteins includ- 
ing Ets-1, Ets-2, Elf-l, PEA3, and PU.l function coopera- 
tively with AP-1 (Table 1). In this context, our finding that 
the Ets domain of Elf-l can mediate the association with 
Jun proteins suggested the hypothesis that multiple Ets 
proteins associate directly with Jun proteins via conserved 
motifs in their Ets domains. To test this hypothesis directly, 
recombinant bacterial proteins containing the T7-tagged 
Ets domains of Elf-l (Thompson et al., 1992), PU.l 
(Klemsz et al., lQQO), Ets-1 (Watson et al., 1988; Fisher 
et al., 1992), and Fli-1 (Ben et al., 1991; Zhang et al., 
1993) (each of which belongs to a distinct subfamily of Ets 
proteins) (Karim et al., 1990; Laudet et al., 1993; Macleod 
et al., 1992; Papas et al., 1989; Wasylyk et al., 1993) were 
incubated with Y&labeled full-length cJun, JunB, and 
JunD, and the resulting mixtures were immunoprecipi- 
tated with the a-T7 MAb (Figures 5&5E). The Etsdomains 
of Elf-l, PU.1, Ets-1, and Fli-1 were each capable of inter- 
acting with each of the Jun family members (Figures 5B- 
5E). In addition, each Ets domain was able to associate 
with a C-terminal polypeptide of cJun that contains the 
basic domain (cJun221-334) (Figures 5&5E). The observed 
associations between the Ets and Jun proteins were spe- 
cific, because none of the Jun proteins associated with a 
T7-tagged control polypeptide (data not shown), nor did 
they associate with a mutant form of c-Jun lacking the 
basic domain (cJunABD) (Figures 5B-5E). Thus, the abil- 
ity of Jun and Ets proteins to interact via their DNA binding 
Figure 5. Multiple Ets Proteins Associate with 
Jun 
(A) Schematic illustration of truncated Elf-l, 
PU.1, Ets-1 , and Fli-1 proteins. 
(5-Q T7-tagged Elf-1,~ (B), PU.I,SMS (C), 
Et~l~,~,~ (D), or Fktl- (E) proteins were 
produced in bacteria and mixed with the ?S- 
labeled in vitro translated Jun proteins as 
shown. The resulting mixtures were immuno- 
precipitated (IP) with an a-T7 Mb. Immune 
complexes were fractionated by SDS-PAGE. 
%-labeled in vitro translated (IVT) Jun proteins 
were run in parallel on the same gel (right). Size 
markers in kilodaltons are shown to the left of 
each autoradiogram. 
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domains reflects evolutionariiy conserved structural fea- 
tures of each family. 
Fine Mapping of the Ets Interaction 
Domain of c&n 
To map more finely the region of c-Jun that is required 
for its interaction with Ets proteins, a series of additional 
deletion mutants of cJun were constructed (Figure 6A). 
%-labeled in vitro translated proteins produced from 
these mutants were mixed individually with either T7 Eif- 
1 M-ZS or 17 PU.l ,ESZV, containing the Ets domains of Elf-l 
and PU.1, respectively. The resulting mixtures were immu- 
noprecipitated with an a-T7 MAb (Figure 66). Whereas 
mutant c-Jun proteins containing amino acids l-286,1-282, 
249-334,255-334, and 265-334 each associated with the 
Ets domains of both Elf-l and PU.1, a deletion mutant of 
cJun containing amino acids l-276 failed to associate 
with either Ets protein. These results are consistent with 
those shown in Figure 3. Taken together, they identify an 
18 aa poiypeptide located between amino acids 265 and 
283 as the only region of c-Jun that is required for its 
interaction with both the Ets domains of Elf-l and PU.1. 
As shown in Figure 1, Elf-l associates directly with Jun 
family members but fails to associate with Fos proteins. 
The basic domains of the Fos and Jun proteins are highly 
conserved, but not identical. A direct comparison of the 
amino acid sequences of the 18 aa putative Ets binding 
site of the Jun proteins with the homologous regions of 
the Fos proteins revealed 8 of 18 aa that are identical in 
ail of the proteins, 7 of 18 aa that are identical in ail Jun 
proteins and different in ail Fos proteins, and 3 of 18 aa 
that differ between various Jun and Fos family members. 
To confirm further the map location of the Ets binding 
domain on the Jun proteins, we constructed two additional 
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mutant forms of cJun: a 17 aa deletion of the putative 
Ets binding domain of cJun (cJuna2ss-2az) and a JunlFos 
chimeric protein in which the Ets binding domain of cJun 
(amino acids 265-282) was replaced with the homologous 
17 aa region from the basic domain of c-Fos (cJun/c-Fos 
chimera) (Figure 7A). Consistentwith our previous findings 
using the 17 fusion proteins (see Figure l), full-length cJun 
but not c-Fos associated with a GST-Elf-l fusion protein 
(Figure 78, lanes 2 and 10). In addition, deletion of the 
basic domain abolished the association of cJun with Elf-l 
(Figure 78, lane 4). Deletion of the 17 aa putative Ets 
binding domain from cJun also abolished binding to GST- 
Elf-l (Figure 78, lane 6). Most importantly, the cJun/c-Fos 
chimeric protein also failed to bind efficiently to GST-Elf-l 
(Figure 78, lane 8). Quantitative analyses of the binding 
using a phosphoimager revealed that the cJun/c-Fos chi- 
merit protein bound to GST-Elf-l at least lO-fold less effi- 
ciently than wild-type full-length cJun. Taken together, 
these results mapped the Ets binding site on cJun to a 
17 aa domain located at the C-terminal end of the basic 
domain of the molecule. Sequence differences between 
this region of the Jun and Fos proteins are responsible 
for the differential ability of the two families of proteins to 
bind to Ets transcription factors. 
Physical Interactions between Ets and AP-1 Proteins 
Are Required for Their Ability to Activate 
Transcription Cooperatlvely 
It has been shown previously that Ets-1 and AP-1 (cJun 
plus c-Fos) can cooperatively activate transcription from 
a reporter construct containing the PEA3 element from 
the polyoma virus enhancer (Wasylyk et al., 1990). PEA3 
contains adjacent Ets and AP-1 binding sites, both of 
which are required for this cooperative transcriptional ac- 
tivity. To assess directly the functional role of the physical 
interaction between Ets and AP-1 transcription factors in 
vivo, we performed a series of transient transfection 
assays in which we compared the ability of wild-type cJun 
and the cJun/c-Fos chimera to activate PEA3-dependent 
transcription cooperatively in conjunction with Ets-1 and 
c-Fos. In an initial series of experiments, we assessed the 
DNA binding activities of the cJun/c-Fos chimera (Figure 
7C). As reported previously (Sassone et al., 1988), neither 
cJun nor c-Fos alone bound with high affinity to an AP-1 
probe (Figure 7C, lanes 2 and 3). In contrast, the mixture 
of c-Fos and cJun formed a high affinity heterodimeric 
AP-1 binding activity (Figure 7C, lane 5, arrow). The cJun/ 
c-Fos chimera alone also failed to bind to the AP-1 probe 
(Figure 7C, lane 4). However, like cJun, the chimera 
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Figure 6. Fine Mapping of the Ets Binding Site 
on cJun 
(A) Schematic illustration of truncated Jun pro- 
teins. The positions of the basic domain (BD) 
and the leucine zipper (u) are shown (Ran- 
sone et al., 1969). 
(B) The%labeled in vitro translated cJun pro- 
teins shown in (A) were mixed with 1 pg of TT 
Elf-l,- or T7 PU.l,&=. The resulting mix- 
tures were immunoprecipitated with an a-T7 
MAC, and analyzed by SDS-PAGE. Size mark- 
ers in kilodaltons are shown to the left of each 
autoradiogram. 
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bound with high affinity to an AP-1 site in conjunction with 
c-Fos (Figure 7C, lane 7). These results demonstrated that 
the chimeric protein can both interact with c-Fos and bind 
DNA. These results are consistent with previous reports 
that have demonstrated that similar JunlFos chimeras re- 
tain predicted dimerization and DNA binding characteris- 
tics (Neuberg et al., 1999; Ransone et al., 1990). 
The cJun/c-Fos chimera can associate with c-Fos and 
bind with high affinity as a heterodimer with c-Fos to an 
AP-1 site. In contrast, it fails to associate with Ets proteins. 
Thus, we reasoned that this molecule could be used to 
assess directly the role of protein-protein interactions in 
the cooperative transcriptional activity of Ets and AP-1 
proteins. Towards this end, we transfected murine Ltk- 
cells with a luciferase reporter construct containing the 
herpes simplex virus thymidine kinase (HSV-fk) gene min- 
imal promoter and five copies of the PEA3 site from the 
polyomavirus enhancer in conjunction with various combi- 
nations of Ets and AP-1 proteins (Figure 7D). Overexpres- 
sion of Ets-1 or AP-1 (c-Fos plus cJun) alone resulted 
in 17- and 30-fold transactivation of the PEA3 reporter 
construct, respectively. Cotransfection of Ets-1 plus AP-1 
(cJun plus c-Fos) resulted in 59-fold transactivation, con- 
sistent with previous reports that have demonstrated a 
cooperative interaction between Ets-I and AP-1 in activat- 
ing PEA9dependent transcription (Wasylyk et al., 1990). 
In contrast, cotransfection of Ets-1 plus c-Fos plus cJun/ 
c-Fos chimera resulted in only 1 P-fold ffans activation, ap- 
proximately equivalent to the level of ffans activation ob- 
served with overexpression of Ets-1 alone. Taken together, 
these results suggested that protein-protein interactions 
between Ets and AP-1 proteins play an important role in 
the cooperative transcriptional activity of these proteins. 
Discussion 
In the studies described here, we have demonstrated a 
direct physical association between Ets and AP-1 tran- 
scription factors. This association occurs in normal acti- 
vated human T cells and is mediated by the conserved 
DNA binding domains of the two proteins: the Ets domain 
of the Ets proteins and the basic domain of the Jun pro- 
teins. The ability to interact is shared by all of the members 
of the Jun family and by at least four different Ets proteins, 
which belong to distinct subfamilies based both upon the 
structures of their Ets domains and their specificities of 
DNA binding (Macleod et al., 1992; Wang et al., 1992; 
Wasylyk et al., 1993). Although Ets proteins do not interact 
directly with Fos family members, Ets-Jun complexes can 
associate with Fos proteins to form trimolecular com- 
plexes via the leucine zipper dimerization domains of Jun 
and Fos. The finding that many Jun and Ets family mem- 
bers can interact is consistent with the known structural 
conservation of the basic and Ets domains of these two 
families of transcription factors. In addition, it is consistent 
with previous reports that have demonstrated functional 
interactions between AP-1 and multiple Ets proteins and 
with electrophoretic mobility shift assays that have demon- 
strated complexes of Ets and AP-1 proteins bound to natu- 
rally occurring enhancer motifs (Table 1). The demonstra- 
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Figure 7. Functional Assessment of Ets-AP-1 
Interactions 
(A) Schematic illustration of mutant and chime- 
ric Fos and Jun proteins. The positions of the 
basic domains (BD) and the leucine zippers 
(LZ) are shown (Ransone et al., 1999). The ba- 
sic domains and leucine zipper regions of c-Fos 
and cJun protein regions are distinguished by 
shading. Amino acid numbers are shown 
above the maps. 
(6) Binding of Jun and Fos proteins to GST- 
Elf-l. The %-labeled in vitro translated Jun 
and Fos proteins shown in (A) were mixed with 
GST or GST-Elf-l bound to glutathione Sepha- 
rose. The beads were washed and eluted pro- 
teins analyzed by SDS-PAGE and autoradiog- 
raphy. Size markers in kilodaltons are shown 
to the left of the autoradiogram. 
(C) DNA binding activities of mutant Jun and 
Fos proteins. In vitro translated cJun, c-Fos, 
or cJun/c-Fos chimera proteins were used in 
electrophoretic mobility shift assays with a “P- 
labeled AP-1 oligonucleotide probe from the 
human metallothionein promoter. The arrow 
shows the position of the high affinity AP-1 
binding activity. 
(D) Transcriptional activities of the mutant Jun 
and Fos proteins. Ltk- cells were transiently 
transfected with 6 9g of the 5PEA3TKLuc re 
porter plasmid and 3 Kg each of the indicated 
Ets-l and AP-1 eukaryotic expression plas- 
mids. Each transfection contained a total of 16 
pg of DNA, including 1 pg of the MSV+galao 
tosidase reference plasmid. Cell lysates were 
prepared 46 hr after transfection, normalized 
for protein content, and assayed for luciferase 
and &gatactosidase activities. The data are 
shown as mean luciferase activity (f SEM) 
relative to that observed following transfection 
of the same cells with the 5PEA3TKLuc reporter 
plasmid alone, after correction for differences 
in transfection efficiencies. The data represent 
the results of three independent transfections. 
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Figure 8. Schematic Illustration of the Ets-AP-l-DNA Ternary 
Complex 
The Ets domain, which contacts both the DNA and the basic region 
of Jun, is hatched. The basic domains of the AP-1 proteins are shaded. 
The leucine zipper domains of Jun and Fos are shown in black. 
tion of a direct physical interaction between Ets and AP-1 
proteins in the absence of DNA suggests that the protein- 
protein interactions may serve to stabilize the formation 
of the Ets-AP-l-DNA ternary complexes. This hypothesis 
is consistent with our finding that the cJun/c-Fos chimera, 
which binds with high affinity as a heterodimer with c-Fos 
to a consensus AP-1 site but fails to interact with Ets 
proteins, also fails to transactivate transcription coopera- 
tively when overexpressed with Ets-1 and c-Fos in Ltk- 
cells. This model is also consistent with the finding that 
many naturally occurring AP-1 binding sites that are adja- 
cent to Ets sites are nonconsensus AP-1 motifs and do 
not bind AP-1 in the absence of the appropriate Ets protein 
(Table 1). 
The demonstration and mapping of a direct physical 
interaction between Ets and Jun proteins helps to explain 
the molecular basis of the previously observed functional 
cooperativity between these two important families of tran- 
scription factors. However, our findings also raise impor- 
tant questions concerning the role of the Ets-AP-1 inter- 
actions in regulating eukaryotic gene expression. First, 
the finding that most, if not all, Ets proteins can associate 
with each of the Jun family members raises important 
questions about the molecular mechanisms that deter- 
mine the functional specificity of these interactions. For 
example, although both Ets-1 and Elf-l can associate with 
all of the Jun family members in vitro, previous studies 
have demonstrated that the adjacent Ets and AP-1 binding 
site in the human GM-CSF promoter only binds Elf-l, but 
not Ets-1 in combination with June and c-Fos from normal 
activated T cell extracts (Wang et al., 1994). There are 
several possible mechanisms that could account for this 
observed specificity. First, it is possible that the se- 
quences, spacing, or both, of Ets and AP-1 binding sites 
on the DNA preferentially select for binding of specific 
Ets-AP-1 complexes. Consistent with this model, previous 
studies have shown that different Ets family members dis- 
play different fine specificities of DNA binding (Macleod 
et al., 1992; Wang et al., 1992; Wasylyk et al., 1993). Sec- 
ondly, different Ets and AP-1 family members are ex- 
pressed in different cell types and with distinct temporal 
patterns in response to activational and developmental 
signals (Bhat et al., 1987, 1990; Boise et al., 1993; Jain 
et al., 1994; Wilkinson et al., 1989). These differential pat- 
terns of expression of the Jun and Ets proteins may at 
least, in part, regulate the formation of specific Ets-AP-1 
complexes in vivo. Finally, is also clear that both Ets and 
AP-1 proteins are differentially posttranslationally modi- 
fied in response to distinct extracellular signals (Fleisch- 
man et al., 1993; Janknecht et al., 1993; Metz et al., 1994; 
Muller et al., 1987; Pongubala et al., 1993; Smeal et al., 
1991). Such posttranslational processing may also regu- 
late the Ets-AP-1 interactions. 
In addition to their interactions with AP-1, Ets proteins 
have recently been reported to associate with a number 
of other important regulators of gene expression and cell 
cycle progression. For example, Elf-l has previously been 
reported to associate with both retinoblastoma protein 
(Wang et al., 1993) and NF-KB (~50 and c-Rel) (John et 
al., 1995) in T cells. Similarly, PU.1 has been shown to 
interact with NF-EMS in 6 cells (Pongubala et al., 1993) 
as well as with Rb and TFIID (Hagemeier et al., 1993), 
and GABPa associates with the notch-related protein, 
GABP8, in fibroblasts (LaMarco et al., 1991; Thompson 
et al., 1991). Taken together, these findings raise the inter- 
esting possibility that one of the important functions of Ets 
proteins is to serve as molecular scaffolds for the formation 
of multiprotein complexes that are involved in regulating 
transcription and proliferation in multiple eukaryotic cell 
types. AP-1 proteins have also been reported to associate 
functionally and physically with other families of transcrip 
tion factors, including NF-KB, MyoD, and NF-AT (Bengal 
et al., 1992; Boise et al., 1993; Jain et al., 1992a, 1992b; 
Nolan, 1994; Stein et al., 1993a, 1993b; Yaseen et al., 
1994). Thus, combinatorial interactions between these 
families of eukaryotic transcription factors represent an 
important mechanism for economically regulating gene 
expression in response to diverse extracellular signals. 
The crystal structure of a Jun-Fos heterodimer bound 
to DNA has recently been reported (Glover and Harrison, 
1995). This structure has several implications with regard 
to the Ets-Jun interaction reported here. First, the 17 aa 
domain of cJun that interacts with Ets proteins (amino 
acids 285-282) comprises the C-terminal region of the 
basic domain, including the 8 aa of cJun that contact the 
DNA. The finding that all Jun family members interact with 
Ets proteins, whereas none of the Fos family members 
share this property, strongly suggests that amino acids 
shared by Jun family members, but not present in Fos 
family members, interact directly with the Ets proteins. 
This hypothesis is supported by our finding that a chimeric 
molecule in which the 17 aa Ets binding domain of cJun 
has been replaced with the homologous region of c-Fos 
failed to interact with Elf-i. Similarly, the finding that at 
least four Ets proteins belonging to different subfamilies 
each interact with Jun proteins strongly suggests that 
amino acids consenred in the Ets domains of all Ets sub- 
families are important in mediating the interactions with 
Jun. Partial structures of Fli-1 and Ets-1 bound to DNA 
have recently been reported (Liang et al., 1994a, 1994b). 
Further fine mapping of the interaction domains of Jun 
and Ets proteins along with refinements of the structure 
of different Ets proteins bound to DNA should allow the 
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construction of a physical model of the Ets-AP-1 complex 
bound to DNA. 
Experlmsntat Procedures 
Plasmida 
Full-fength cDNAs encoding mouse Fra-1, human Fra-2 (Ryseck et 
al., 1966), and mouse JunD (Ryder et al., 1969) were cloned into the 
EcoRl site of pcDNA3-Neo (Invitrogen, San Diego, California). The 
pGEMJunB (Hazel et al., lQ66), pGEMFosB (Zerial et al., 1969). 
pGEMc-Fos (Hay et al., 1989) and pGEMALZ (Ransone et al., 1969) 
plasmids containing the mouse JunB, mouse FosB, rat c-Fos, and a 
deletion mutant of the cJun cDNA lacking the leucine zipper domain 
have been described previousty. Fult-tength and truncated mouse cJun 
and rat c-Fos cDNAs containing consensus eukaryotic translation ini- 
tiation codons at their 5’ ends were prepared by the polymerase 
chain reaction (PCR) using the following synthetic oligonucleotide 
primers: cJun: 5’ primer, CGCGGATCCGCCACCATGACTGCAAA- 
GATGGAAACG; 3’ primer, CCGGAATTCCTAAAACGTTTGCAAC- 
TGCTG. cJun P,-SY: 5’ primer, CGCGGATCCGCCACCATGCAGCAC- 
CCGCGGCTGCAAG; 3’ primer, CCGGMTTCCTAAMCGTTTGC- 
MCTGCTG. cJun,&,: Sprimer, CGCGGATCCGCCACCATGACTG- 
CAAAGATGGMACG; 3’ primer, CCGGAATTCCTACTCTCCCGG- 
CATCTCCGG. c.fun-: 5’primer. CGCGGATCCGCCACCATGGA- 
CATGGAGTCTCAGGAG; 3’primer, CCGGMTTCCTAAAACGTTTG- 
CAACTGCTG. cJun-: 5’primer, CGCGGATCCGCCACCATGCG- 
GATCAAGGCAGAGAGG; 3’ primer, CCGGMTTCCTAMACGllT- 
GCAACTGCTG. cJun,*: 5’ primer, CGCGGATCCGCCACCAT- 
GMCCGCATTGCCGCCTCC; 3’ primer, CCGGAATTCCTAMA- 
CGTTTGCMCTGCTG. cJun,-: 5’ primer, GGGCCGCTCGAGAT- 
GACTGCAAAGATGGAAAC; 3’ primer, TGCTCTAGACTAGCGGTTC- 
CTCATGCGCTTC. cJun,asp: 5’ primer, CGCGGATCCGCCACCAT- 
GACTGCAMGATGGAAACG; 3’ primer, CCGGAATTCCTACCG- 
AGCGATCCGCTCCAG. cJunI-a,,: 5’primer, CGCGGATCCGCCAC- 
CATGACTGCAAAGATGGAAACG; 3’ primer, CCGGMTTCCTATTT- 
TTCCTCTAGCCGAGC. c-Fos: 5’ primer, GGGCCGCTCGAGAT- 
GATGTTCTCGGGTTTC; 3’ primer, CTAGTCTAGATCACAGGGC- 
TAGCAGTGTG. 
These cDNAs were cloned into the BamHl and EcoRl sites of 
pcDNA3-Neo (Invitrogen. San Diego, California) or the Xhol and Xbal 
sites of pcDNA3-Net (for cJun,- and c-Fos only). The in-frame dele- 
tion of the basic domain of cJun (amino acids 255-261) was con- 
structed by the overlap extension method of the PCR (Horton et al., 
1989) with the following sets of oligonucleotide primers: 5’ primer I, 
CGCGGATCCGCCACCATGACTGCMAGATGGAAACG; 3’primer I, 
GGlllTCACllllTCCTCTAGCTCCTGAGACTCCATGTC; 5’primer 
2, GACATGGAGTCTCAGGAGCTAGAGGAAAMGTGMAACC; 3 
primer 2, CCGGAAITCCTAAAACGTFTGCMCTGCTG. 
The productsof the second PCR reaction were digested with BamHl 
and EcoRl and cloned into the BamHI-EwRI sites of the pCDNA3- 
Neo plasmid. The in-frame deletion of the C-terminal 17 ae of the 
basic domain of cJun (cJun -) and the chimera encoding a cJun 
molecule in which these same 17 aa of the basic domain of cJun 
have been replaced with the homologous region of c-Fos (cJun/c-Fos 
chimera) were constructed by the overlap extension method of the 
PCR with the following sets of oligonucleotide primers: cJuna2ab& 
5’ primer I, CGCGGATCCGCCACCATGCAGCACCCGCGGCTGC- 
MO; 3’ primer I, CAAGGTTTTCACTTtlTCCTCTAGCCTCATGCG- 
CTTCCTCTCTGCCT T; 5’ primer 2, MGGCAGAGAGGMGCGCA- 
TGAGGCTAGAGGAAAAAGTGAAAAC CTTG; 3’ primer 2, CCGG- 
AATTCCTAMACGTTTGCAACTGCTG. c-Junlc-Fos chimera: 5’ 
primer I, CGCGGATCCGCCACCATGCAGCACCCGCGGCTGCMG; 
3’ primer I, CGTATCTGTCAGCTCCCTCCTCCGATTCCGGCACTT- 
GGCTGCAGC CATCTTATTCCTCATGCGCTTCCTCTC; 5’ primer 2, 
MTMGATGGCTGCAGCCAAGTGCCGGMTCGGAGGAGGGAGCT 
GACAGATACGCTAGAGGMAAAGTGAMAC; 3’ primer 2, CCGGA- 
AT-TCCTAAAACGTTTGCMCTGCTG. 
The products of the second PCR reaction were digested with BsmBl 
and EwRl and the resulting fragment containing the mutation was 
ligated into BsmBI-EwRIdigested pCDNM-Neo conteining the full- 
length mouse cJun cDNA. The identities of these mutant cJun pro- 
teins were confirmed by dideoxy DNA sequence analysis. The full- 
length human Elf-l cDNA was cloned into the BamHl site of pET3b 
(Novagen, Madison, Wisconsin). Truncated versions of the human 
Elf-l cDNA were prepared by the PCR using the following synthetic 
oligonucleotides: Elf-l AC amino acids 1494: 5’prlmer, CGTCCAGC 
TGATCATGGCTGCTGTTGTCCAACA; 3’ primer, GCAGTCGTGAT- 
CACTMGGAGAGCCCGCCTTTTGTG. Elf-IAN amino acids IO& 
619: 5’ primer, CGTCAGCTGATCATGGATTCCCCTGGCCCTAT; 3’ 
primer, GCAGTCGTGATCACTAAAAAGAGnGGGlTCCA. Elf-l,-: 
5’ primer, GGGCTCGAGGATCCCGTGMGAAGAAAAACMAG- 
ATGG; 3’ primer, GGGTCTAGAGGATCCCCTAATCTTfTGGCAllT- 
cTl-rMAc. 
The truncated Elf-l AN and Elf-l AC cDNAs were cloned into the 
BamHl site of pET3c and the truncated cDNA Elf-l,- was cloned 
into the BamHl site of pET3b. Truncated versions of the human EN-1 
cDNA encoding amino acids 331-416 and the mouse PU.1 cDNA 
encoding amino acids 165-259 were prepared by the PCR using the 
following synthetic oligonucleotides, respectively: EIs-I~~-,~~: 5’ 
primer, GGGCTCGAGGATCCCGGCAGTGGACCAATCCAGC- 
TATGG; 3’ primer, GGGTCTAGAGGATCCCTACAGGTCACACA- 
CAAAGCGGTAC. PU.ll~2~: 5’ primer, ATCGCGGATCCCGAGA- 
CAGGCAGCAAGAAA; 3’ primer, CGCGGATCCCTAACGCAG- 
CACCTCGCCGCTG. 
These truncated cDNAs were cloned into the BamHl site of pET3b. 
The plasmid containing a truncated form of the human Fli-1 cDNA 
encoding amino acids 276373 (pET3bFli-1-P) has been described 
previously (Liang et al., lQQ4a). pcDNA3-Neo-Elf-l contains the full- 
length human Elf-l cDNA cloned into the EwRV and Xhol sites of 
pcDNM-Neo. pcDNAl-Neo-Ets-1 contains the full-length human 
Ets-I cDNA cloned into the Hindlll site of pcDNA3-Neo. The pGST- 
Elf-l plasmid encoding a g1utathione-S transferase-Elf-l fusion pro- 
tein has been described previously (Wang et al., 1993). 5PEA3TKLuc 
contains base pairs -109 to +51 from the HSV-t/r gene minimal pro- 
moter (McKnight and Kingsbury, 1962) in the Hindlll and Bglll sites of 
the pGL2 basic plasmid (Promege Corporation, Madison, Wisconsin), 
and five copies of the PEA3 site from the polyoma virus enhancer 
(Wasylyk et al., 1990) in the Bglll site of the plasmid. 
Antlbodles 
The a-pan Fos and a-c-Fos, a-Fra-I, a-Fra-2, a-FosB, aJun, aJunB, 
aJunD, acyclin D2 (a-D2), and acyclin D3 (a-D3) antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, California). 
The 667 a-Elf-1 MAb was produced by immunization of BALB/C mice 
with bacterial Elf-l protein. It recognizesan N-terminal epitope of Elf-l 
but does not recognize any of the AP-1 family members (B. Cobb and 
J. M. L., unpublished data). 
In Vitro Tranacrlptlon and Tmnslatlon ReactIons 
In vitro transcription and translation reactions were carried out in a 
rabbit reticulocyte lysate system, using a commercially available kit 
(Promega) according to the instructions of the manufacturer, as da 
scribed previously (Wang et al., 1992). 
Electmphoretlc Mobility Shift Assays 
A double-stranded oligonucleotide derived from the human metal- 
lothionine AP-1 site (GATCCGTGACTCAGCGCGC) (Rauscher et al., 
1966) and containing overhanging BamHI-Bglll ends was labeled with 
=P nucleotides using the Klenow fragment of DNA polymerase I and 
used as a probe in electrophoretic mobility shift assays as described 
previously (Wang et al., 1994). 
Productlon of T7 Ets Fusion Proteins 
For the production of 17 fusion proteins, overnight cultures of Esche- 
richia wli BL21 containing the different pET3b Ets plasmids were 
diluted I:25 in Luria broth and grown for 3 hr with shaking at 37OC. 
Isopropyl+-o-thiogalactopyranoside was added to a final concentra- 
tion of 0.4 mM, and cultures were incubated at 37OC for 3 hr with 
shaking. Bacterial pellets were resuspended in NETN (20 mM Tris [pH 
6.0],100 mM NaCI, 1 mM EDTA, and 0.5% NP-40). After incubation at 
4-C for 30 min, the cells were sonicated three times for 20 son ice. The 
sonicated bacterial lysates were pelleted by centrifugation at 12.000 x 
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g for 15 min at 4OC. The supernatant and pellet (inclusion bodies) 
were assayed for the presence of recombinant protein by SDS-PAGE 
and subsequent staining with Coommassie blue. The T7Ets-15PlAjl, T7 
PU.1 ,-, and T7 Fli-1 n63+3 proteins were all predominantly present in 
the supernatant fractions. The full-length T7 Elf-l and truncated T7 
Elf-l proteins were predominantly present in the inclusion bodies and 
were further purified by denaturing the inclusion bodies in 6 M urea 
at 4OC for 15 min, followed by dialysis against buffer D (20% glycerol, 
20 mM HEPES [pH 7.91,O.l M KCI, 0.2 mM EDTA, 0.5 mM DlT, 0.5 
mM PMSF). The T7 control peptide is a soluble 33 kDa peptide derived 
from most of gene 10 of the T7 bacteriophage major capsid protein 
(Lutz et al., 1990). The different n-tagged proteins were each shown 
to immunoprecipitate with equivalent efficiency using the a-T7 MAb 
(data not shown). 
GST Fuslon Proteln Production and Binding Assays 
Preparations of ‘S-labeled in vitro translated AP-1 proteins were pre- 
cleared by incubation wkh 30 ul of glutathioneBepharose beads (Phar- 
macia Biotechnology, Piscatany, New Jersey) in 700 ul of NETN for 
1 hr at 4OC. Overnight cultures of E. coli DH5a containing either the 
pGEX-3X (Pharmacia) or pGST-Elf-l plasmids were diluted I:10 in 
Luria broth and grown for 1 hr with shaking at 37OC. Isopropyl-5-b- 
thiogalactopyranoside was added to a final concentration of 0.1 mM, 
and cultures were incubated at 37OC for 4 hr with shaking. Bacteria 
were pelleted and resuspended in NETN. After incubation at 4OC for 30 
min, the cells were sonicated three times for 15 son ice. Glutathffne- 
Sepharose beads were washed three times in NETN plus 0.5% pow- 
dered milk. Equivalent amounts of GSTfusion proteins (as determined 
by Coomassie blue staining) were bound to 30 pl of glutathione-Sepha- 
rose beads by incubation in a total volume of 1 ml of NETN for 1 hr 
at 4OC. The beads were washed three times with NEON and mixed 
with equivalent molar amounts (as determined by phosphoimager 
analysis) of precleared ?t-iabeled in vitro translated AP-1 proteins at 
4OC for 1 hr. The beads were washed five times in NETN, and the 
proteins were eluted by boiling for 5 min in SDS-PAGE loading buffer 
(50 mM Tris [pH 6.8],30% glycerol, 0.4% SDS, and 0.1% bromphenol 
blue) containing 10% f3-mercaptoethanol. Proteins were separated by 
SDS-PAGE in 10% polyacrylamide gels. 
Human Peripheral Blood T Cells 
Human peripheral blood lymphocytes were isolated from buffy coats 
obtained by leukopheresis. T cells were isolated using a commercially 
available column according to the instructions of the manufacturer 
(Research and Development Systems, Boulder, Colorado). Purified 
cells were >98% T cells as determined by FACS analysis with an 
a-CD3 MAb. Purified T cells were cultured at a concentration of 2 x 
lp/ml in RPM 1640 medium (GIBCO, Grand Island, New York) sup- 
plemented with 10% heat-inactivated fetal calf serum (GIBCO), 2 mM 
glutamine, and 100 U penicillin G per ml and 15 mM N’-2-hydmx- 
ylpiperazine-N-2 ethanesulfonic acid (HEPES [pH 7.41; GIBCO). T 
cells were activated by treatment for 8 hr with phorbal myristate acetate 
(10 @ml) plus ionomycin (0.4 fig/ml). 
Colmmunoprsclp%atfons 
Preparations of 96S-labeled in vitro translated AP-1 proteins were pre- 
cleared by incubation with 50 ul of protein A-Sepharose in 500 ul of 
NETN for 1 hr at 4OC. Bacterially produced T7-tagged Ets proteins (1 
ug) or the T7 control protein from the bacteriophage major capsid 
protein were incubated with 2 ul of a-T7 MAb in 350 ul of NETN plus 
protease inhibitors (0.1 mM aprotinin, 1 mM leupeptin. and 0.1 mM 
phenylmethylsulfonyl flouride) for I hr at 4OC. Protein A-Sepharose 
(50 ul; Pharmacia) was added to each immunoprecipitation reaction 
and incubated for 1 hr at 4OC. The beads were then washed five 
times with cold NETN and mixed with equivalent molar amounts (as 
determined by phosphoimager analysis) of precleared ?+labeled in 
vitm translated AP-1 proteins in a final volume of 500 pl of NETN. 
Following incubation for 1 hr at 4OC, the beads were washed five times 
with NETN, and the proteins were eluted by boiling in SDS-PAGE 
loading buffer. For the EtBr experiments, beads were washed six times 
with NETN containing of EtBr (50 ug/pl). Proteins were separated by 
SDS-PAGE in 10%-l 5% polyacrylamide gels. 
Immunopreclpftatlon from Activated Normal Human 
Perfpheml Blood 1 Celh 
Activated human T cells (0.5 x 1 p-1 x 107 cells were washed with 
imId phosphate-buffered saline and lysed by incubation for 15 min 
at 4OC in 1 ml of NETN plus protease inhibitors (0.1 mM aprotinin, 1 
mM leupeptin, and 0.1 mM phenyfmethylsulfonyl flouride). Cell ex- 
tracts were cleared by centrifugation in a micmfuge at 14,009 rpm for 
15 min at 4OC. Cell extract (1 ml) was mixed with 15-25 ul of ac-Fos, 
a-Fra-1, a-Fra-2. a-FosB, acJun, aJunB, aJunD, a-D2, a-D3, or an 
a-pan-Fos serum (Santa Cruz), or with 2 pl of a-Elf-1 MAb, 667, and 
incubated for I hr at 4OC. Protein A-Sepharose (50 ul) was added to 
each immunoprecipitation reaction and incubated for 1 hr at 4OC. The 
beads were washed five times with NETN, and the proteins were eluted 
by boiling in SDS-PAGE loading buffer. The proteins were resolved 
by electrophoresis in 10% polyacryfamide gels. lmmunoblots were 
probed with a 1:500dilution of the a-Elf-1 MAb, 667 in conjunction with 
a 13000 dilution of a commercially available horseradish peroxidase- 
coupled goat antibody to mouse immunoglobulin (GIBCO). Immu- 
noblots were developed using a commercially available kit (Amer- 
sham, Arlington Heights, Illinois) as described previously (Wang et 
al., 1993). 
Transfectlons and Luclferass Assays 
Murine Ltk- tumor cells were grown in Dulbecco’s modified Eagle’s 
medium with 4.5 g/L glucose supplemented with 10% fetal bovine 
serum and penicillin-streptomycin (GIBCO). Exponentially growing 
cultures containing 9 x lob Ltk- cells were transiently transfected with 
6 ug of the 5PEA3TKLuc reporter plasmid and 3 ug each of 
the indicated EN-1 and AP-1 eukaryotic expression plasmids using 
the lipofectamine reagent (GIBCO) according to the instructions of the 
manufacturer. Each transfection contained a total of 16 pg of DNA, 
including 1 ug of the MSV-fJgalactosidase reference plasmid and 30 
ul of lipofectamine. Cell lysates were prepared 48 hr after transfection. 
normalized for protein content using a commercially available kit (Bio- 
Rad, Hercules, California), and assayed for luciferase and f+galac- 
tosidase activities as described previously (Wang et al., 1994). 
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